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Abstract—A 5-GHz transceiver comprising the RF and analog 200mw 800mw
circuits of an IEEE 802.11a-compliant WLAN has been integrated
in a 0.25um CMOS technology. The IC has 22-dBm maximum
transmitted power, 8-dB overall receive-chain noise figure, and
—112-dBc/Hz synthesizer phase noise at 1-MHz frequency offset. 5.15G

5.35G 5.725G 5.825G

Index Terms—EEE 802.11a, low-noise amplifier, OFDM, power
amplifier, RF transceiver, synthesizer, wireless LAN. 52 carriers total, each ~ 300kHz

|. INTRODUCTION m

HE GROWING wireless LAN market has generated 20MHz

increasing interest in technologies that will enable highfg. 1. channel allocation of the IEEE 802.11a standard within the UNII band.
data rates and capacity than initially deployed systems. The

IEEE 802.11a standard, which is based on orthogonal fre- RF Transceiver Digital Baseband
qguency division multiplexing (OFDM) modulation, provides - P
nearly five times the data rate and as much as ten times the 2 transmitter B ;‘
overall system capacity as currently available 802.11b wireless ‘ -

LAN systems [1]-[3]. As illustrated in Fig. 1, the 802.11a o = o
standard operates in the 5-GHz unlicensed national informatior L ser [0 ® | greteency Lo : 2
infrastructure (UNII) band, which provides a total available Y — o cz
signal bandwidth of 300 MHz, as compared to the 85 MHz ! __._,_
available for 802.11b. As indicated in Fig. 1, the 802.11a Receiver | o |LPF - |

standard supports channel bandwidths of 20 MHz, with each TR
channel being an OFDM modulated signal consisting of 52
subcarriers. Each of the subcarriers can be either a BPSK
QPSK, 16-QAM, or 64-QAM signal. The composite radio Gain Control
frequency (RF) signal has a data rate of up to 54 Mb/s inF%_ 9
20-MHz channel.

The spectral efficiency of the 802.11a standard comes at ) ) _ )
the expense of a more complicated transceiver with strigt the OFDM signal is a single-tone sinewave such that the
requirements on the radio performance. For example, the §&&nposite waveform in the time domain will have large peaks
of 64-QAM modulation requires a signal-to-noise ratio (SNR?nd valleys. If the peaks pf all 52 sinewaves should line up in
of 30 dB, which is substantially greater than that required B{ne. the peak voltage will be 52 times larger than that of a
the FSK modulation in Bluetooth and the QPSK modulatiofingle sinewave. In this case, the peak-to-average ratio will be
in 802.11b. This high SNR translates to stringent phase noidlog(52) ~ 17 dB. Therefore, the transceiver must be able to
requirements for the frequency synthesizer and tighe) accommodate S|gqals whoge peak amp_lltudes are 17 dB larger
matching constraints for both the transmitter and receivéfan the average signal. This translates into the need for a large
OFDM, which is highly desirable because of its resiliencBOWer backoff in the transmitter and wide dynamic range in
to multipath interference, can substantially complicate tHBe receiver. In practice, some signal clipping can be tolerated

transceiver design. Imagine that each of the 52 subcarriéf§hout significantly degrading the radio performance.
The RF frontend and digital baseband functions for an

. . . _ IEEE802.11a wireless LAN standard have been integrated
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circuit implementat_ion of ir_1dividua| block, and experimental re- to IF and BB - LO(Q)
sults are reported in Section IV. e S I

Il. ARCHITECTURE C
RFout

Shown in Fig. 2 is the overall block diagram of the wireless
LAN system consisting of an RF transceiver together with a

. Q
baseband and media access controller (MAC) processor. Tt ; D O
RF transceiver consists of a transmitter, receiver, and frequenc Transmitter LOor(Q) -
synthesizer. The analog baseband inphd$eagd quadrature off-chip ~ PGA

(Q) input current signals for the transmitter are generated by
two 160-MHz, 9-b current-steering digital-to-analog converters
(DACs) on the companion baseband chip [5]. On the receive
side, the quadrature signalsand @ at the transceiver output
are digitized by two 80-MHz, 9-b analog-to-digital converters
(ADCs) on the baseband chip before being processed by th
baseband and MAC processor. Off-chip LC low-pass filters are
used between the two chips for noise bandwidth limiting and
anti-aliasing reasons. No off-chip intermediate frequency (IF)
filter is required in the system.

The architecture and frequency plan of the RF transceive gypz(
play an important role in the complexity and performance of
the overall system. Two of the most common choices in trans
ceiver architecture are direct conversion and the traditional su +32 je—{ £16117
perheterodyne. Direct conversion is usually preferred in a fully [Synthesizer]
integrated design because it avoids the need for an off-chip IF
filter and requires only a single frequency synthesizer. Howevely. 3. RF transceiver chip block diagram.
it suffers from drawbacks such as local oscillator (LO) leakage
and frequency pulling due to the fact that the synthesizer o~

2 lout

Offset

QOUT

off-chip PGA

Lock

Detector LOge
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LOge(l)
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erates at the same frequency as the RF signal [6]. The sug mf"’/ \f?f’
heterodyne architecture overcomes many of the disadvanta /\ /\ ‘/\ ,
of direct conversion at the expense of an off-chip IF filter an . ' 1 — >
. dc 1G 3G 4G 5G Freq (Hz)
an extra frequency synthesizer [7]. »
The RF transceiver described in this paper uses a dual ct T Image T
version architecture with a sliding IF of 1 GHz. Shown in Fig. { LO LOge

is the detailed block diagram of the transceiver. On the transmit ‘

side, the basebandand( signals are first mixed to 1 GHz by Fig- 4. Receiver frequency plan.

a pair of image-reject mixers. The quadrature 1-GHz IF signal

is then converted to 5 GHz by the RF mixer. Double image rgon of the circuits. As a result, an image-reject mixer is not re-
ject mixers are used in the transmitter in order to avoid the neggired in the receiver.

for an IF filter. The upconverted 5-GHz signal is finally trans- The use of a sliding IF architecture, whereby theit @ gen-
ferred to the antenna through an on-chip power amplifier (PAgrated from the L@y using a divide-by-four counter, eliminates
Since the transmitter output signal is at least 1 GHz away froje need for two synthesizers. Designed in a twisted-ring archi-
any of the LO frequencies, no LO pulling is caused by the PRactyre [8], the divide-by-four counter can inherently provide

Furthermore, any LO leakage to the antenna will appear as\gfy precise quadrature LO signals at 1 GHz, thereby improving
out-of-band tone and will not interfere with the operation ofe transmitter’'s image rejection.

other receivers operating in the 200-MHz UNII band.

The receiver frequency plan is very similar to that of the trans-
mitter. An incoming 5-GHz RF signal is first mixed down to IF
at 1 GHz and then converted to the baseband quadrature signalé.dvantages and challenges accompany the implementation
As depicted in Fig. 4, for an RF signal centered at 5 GHz, tloé the RF transceiver in a CMOS technology. CMOS ultimately
image channel is located 2 GHz away at 3 GHz. This undesirpbvides a significant cost advantage over alternatives. More-
signal will be attenuated at least 23 dB by the bandpass gaiver, scaled CMOS processes generally offer multiple layers of
stages between the receiver input and the RF mixer. By mixiimgerconnects that allow for the use of integrated inductors with
the incoming RF signal with the 4-GHz LO, the RF mixer genguality factors as high as 10 at a frequency of 5 GHz [9]. These
erates the desired 1-GHz IF and a spurious signal at 9 GHz. Tihductors are used extensively throughout the transceiver de-
spurious signal is attenuated by the inherent bandwidth limitseribed in this work in order to enhance the gain of narrow-band

I1l. CIRCUIT IMPLEMENTATION
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amplifiers. Device characteristics in CMOS can vary signifi-
cantly over changes in process and temperature, resulting in sub-
stantial variations in performance. This drawback can be over-
come by using adjustable gain stages and implementing an au-
tomatic gain control (AGC) algorithm in the system.

-
[=2]

-
N
T

A. Transmitter

OFDM Output Power (dBm)
—
F =S

As shown in Fig. 3, in the transmit chain, fully differential 10
guadrature baseband input currents are mirrored into the 1-GHz
up-conversion mixer and then upconverted to RF by a pair of
4-GHz quadrature mixers. The resulting 5-GHz signal themy. 7. Transmitter constellation for a 64-QAM signal.
drives the PA.

The design of the PA is one of the most challenging tasks . . .
in the transmitter implementation. As mentioned ear”eprowdes a constant transmitted output power independent of

the peak-to-average ratio of an 802.11a OFDM signal cRrocess, temperature, and supply voltage variations. The power

; : : ontrol loop, consisting of a peak detector, a comparator, and
exceed 17 dB. This large peak-to-average ratio requires . . L .
PA to provide a substar?tialﬁ/ higher peal? output po(\q/ver thglde of adjustable transmitter gain in 0.5-dB steps, adjusts the

its average. For instance, with 6-dB peak-to-average ratrgeymsmnter gain until the PA output matches a pre-programmed

obtaining 40 mW of average output power requires a PA thgtve" The key features of this three-stage design can be

is capable of delivering four times as much power or 160 m\ﬁummanzed as: cascoding, inductive loading, and capacitive

- L . . . ivel-shifting. The transistors are sized to deliver a measured
| | appl h | peak f AYe 9
n practical applications, since the signal peaks are in requ«l;5 \ﬁcurated output powePl,,) of 22 dBm.

the peak-to-average ratio requirement can be significantly e L . .
P 9 q 9 y easurements indicate that the transmitter can provide a peak

that 17 dB without major degradation in the overall SNR. In
the case of 16-QAM modulation, simulations indicate that %;Jtput power of 22 dBm and an average OFDM output pawer

6-dB peak-to-average ratio degrades the system SNR by o /8 dgm. F'?' ?.shows a trgrl;s':mltteq O|FD|Z|5,S£ ec(tjru;ng. The
0.25 dB [10]. However, in practice, peak-to-average ratios %gasure s;i_eclra Images an carmeriea and—
low as 4 dB may meet the error vector magnitude (EVM) an C, respectively.

packet error rate (PER) requirements of the IEEE 802.116\:he measured transm_lt o_utput power is plotted in Fig. 7 as
specifications. a function of the transmit signal data rate. At low data rates,

Fig. 5 shows the three-stage class-A PA employed in tr%; measured output power is about 18 dBm and is limited by
&

9 12 18 24 36 48 54
Data Rate (Mbps)

transmitter, wherein each stage consists of a cascoded differI spectral mask requirements. At higher data rates, a power

tial pair. The gate terminals of the cascode transistors are biai% koff of up t0 5 dB is needed for the transceiver to meet the

atthe supply voltage. The cascode topology allows the PA to flamic range requwements_ of the OFD.M signal. '.:'g' 8 |IIu§-
a 3.3-V supply for increased headroom and improved Iinearig’Ites the _meas_urgd t_ransm|t constellauoon for a single-carrier
On-chip inductors L4p and L4n form parallel resonances wi #-QAM signal indicating an EVM of 2.3%.

the gate capacitances of output transistors M3p and M3n so that
the level-shifting capacitors C2p and C2n can be kept smallér
than 2 pF. The fully differential PA output reduces the effects The receiver mixes the 5-GHz RF input first to the 1-GHz IF
of parasitic supply and ground inductances. The inductiand then to the quadrature baseband outputs for digitization by
loads L3p and L3n are implemented with bondwires havirthe ADCs on the baseband chip. The entire receive chain is de-

estimated inductance of 1.6 nH. Closed-loop power contrsigned to provide sufficient dynamic range and linearity for a

Receiver
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Fig. 11. Receiver gain from the LNA input to the IF mixer outputs.
Fig. 9. Simplified LNA schematic.
feedback resistor R2. The overall gain of the amplifier is es-

64-QAM OFDM signal. The RF and IF gain stages have a ma;gbli_shed by the ratio of resistors R1 qnd R2 an_d is accurate to
imum combined gain of 36 dB that significantly reduces thwithin 1 dB. Common-mode feedback is conveniently p.rowded
noise contribution of subsequent baseband stages. The dofi@M the common source of the second stage to the tail current
converted! and@ signals are passed through the off-chip pa§Purce of the flrst. Offset co_nt_rol is prowded_ by a separate dif-
sive LC channel-select filters and amplified by a programmabfl%r?”t'a| pair with large resistive degeneration that lowers the
gain amplifier (PGA). The PGA comprises a cascade of thr@@in of the offset control loop. . . .
stages with a composite gain that can be adjusted from 0 to 4F19- 11 shows the measured receiver gain from the LNA input
dB in 1-dB steps. The dc offset of the receive chain is cancell&the IF mixer outputs. The receiver achieves over 50 dB of ad-
using two pairs of 6-b DACs. The dc offset cancellation, AG@ustable RF and IF gain. At minimum gain, the input P1 dB is
and receive signal strength indicator are implemented with at8-5> dBm. Shown in Fig. 12 are theand baseband wave-
gorithms in the baseband chip. forms measu_red at the receiver output. The_ receiver achieves an
A simplified schematic of the LNA is shown in Fig. 9. The!/@ phase mismatch of 12&nd amplitude mismatch of 1.5 dB.
LNA consists of a cascoded differential pair with inductivd he measured noise flgure of the entire receive chain from LNA
loads that tune the amplifier output to 5 GHz. The inductiv® the baseband PGA is 8 dB.
degeneration formed by Lsp and Lsn results in a complex input _
impedance that can be matched to as6@ource impedance C- Synthesizer
with an off-chip matching network. The frequency synthesizer generates the quadrature 1-GHz
Fig. 10 shows the schematic of the amplifier block used Bind 4-GHz LO frequencies needed for the mixers in the receive
baseband PGAs. The amplifier is a two-stage design in whiahd transmit chains. As shown in Fig. 3, the synthesizer phase
the first differential pair converts the input voltage to a curretdcks an on-chip VCO to an 8-MHz reference. The VCO
inversely proportional to R1. This currentis then converted baflequency is fine tuned usingt?N-well varactors D1 and D2.
into voltage by the second differential pair through the shuoarse frequency adjustment is accomplished by switching
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Fig. 13. VCO schematic. Fig. 15. Die micrograph.

fixed capacitors to the output nodes Qand Ouf, as depicted
in Fig. 13. The switching sequence is determined by a state
machine in conjunction with a lock detector circuit. For a TABLE |

particular RF channel if the varactors fail to force the loop to PERFORMANCE SUMMARY
lock, the state machine switches in enough fixed capacitors ¢ Output Power Level 22 dBm
until the varactors can pull the loop to lock. RX Chain Noise Figure 3 dB
The variable divider in the feedback loop consists of a divide = pr——=— (M=1NHZ) 112 dBo/Hz
by 16/17 dual-modulus prescaler followed by a divide-by-32 Supply Voltages 2EVEIEVIO

and a channel select decoder. The synthesized frequency can be - S—
varied from 4.128 GHz to 4.272 GHz, which corresponds to an 1 X ¢hain Power Dissipation 1790 mW
RF carrier frequency ranging from 5.16 GHz to 5.34 GHz. The ~ RX Chain Power Dissipation 250 mW
quadrature 1-GHz LO signals are generated by a divide-by-four ~ Synthesizer Power Dissipation |180 mW

counter. Designed in a twisted-ring architecture, this divider = Technology 0.25 uym 1P5M CMOS
can generate very precise 1-GHz quadrature signals and main- Package 64-pin LPCC
tain this precision over process and temperature. The quadra- Die Size 22 mm?2

ture 4-GHz LOs are generated by passing the VCO waveform
through a single-stage RC—CR polyphase filter [11].

The composite phase noise of the synthesizer as measured
at the output of the power amplifier is shown in Fig. 14. The
close-in phase noise is87 dBc/Hz at 1-kHz frequency offset. The RF transceiver has been integrated in a @.26-single-
Outside the loop bandwidth of 250 kHz, the phase noise desly, five-metal CMOS technology. It occupies a total area of
creases to-112 dBc/Hz at 1-MHz offset. 22 mn? and is packaged in a 64-pin leadless plastic chip carrier

IV. EXPERIMENTAL RESULTS
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with an exposed backside contact for good thermal and el
trical performance. A die photograph of is shown in Fig. 15. T
transceiver operates from a 2.5-V supply with 3.3-X0. The
transmit chain dissipates 790 mW of power including a 22-dB,
power amplifier. The receiver and synthesizer consume 250
180 mW, respectively.

The transceiver has been incorporated into a radio syste
form a high-speed, IEEE 802.11a-compliant, wireless LAN. |

1693

Masoud Zargari (S'91-M’'97) was born in Tehran,
Iran, in 1966. He received the B.S. degree in electrical
engineering from Tehran University, Tehran, Iran, in
1989 and the M.S. and Ph.D. degrees in electrical en-
gineering from Stanford University, Stanford, CA, in
1993 and 1997, respectively.

He worked at Brooktree Corporation, San Diego,
CA, during the summer of 1992 on circuit techniques
for improving the accuracy of speed testing at the
wafer level and was a Research Assistant at the

Center for Integrated Systems, Stanford University,
from 1992 to 1996. He has been a design consultant with a number of compa-
nies including Sony Semiconductors of America, San Jose, CA, and Averant
Inc., Alameda, CA. From 1996 to 1999, he was a Member of the Technical
Staff at Wireless Access, Inc., Santa Clara, CA, where he designed integrated
circuits for two-way paging systems. During 1999 and 2000, he was a part-time

. . . . Consulting Assistant Professor at Stanford University where he taught graduate
An IEEE 802.11a radio transceiver has been designed iRqrses on RF and mixed-signal IC design. Since December 1998, he has been

standard 0.2%:m digital CMOS technology for 5-GHz wirelesswith Atheros Communications, Sunnyvale, CA, as Analog Design Manager
LAN applications. The design avoids the need for any exterrfl201, 1" St of W basetons miec-sane ey srcits o
IF filtering by means of two architectural choices: the use inxed-signal circuits for integrated broad-band wireless networks.

double image-reject mixers in the transmitter and a very high

IF of 1 GHz in the receiver. The use of dual conversion with a

sliding IF requires only a single frequency synthesizer, thereby

reducing power and area. The integrated transceiver consists of

a transmitter with 22 dBm of output power, a receiver with 8-dB
receive chain noise figure, and a synthesizer with phase noise
—112 dBc/Hz at 1-MHz offset.

typical measured performance is summarized in Table I.
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